Condensins play a key role in the global organization of bacterial chromosomes. In Escherichia coli, the inactivation of its sole condensin MukBEF induces severe growth defects and renders cells hypersusceptible to novobiocin. We report here that this hypersusceptibility can be observed in TolC-deficient cells and is therefore unrelated to multidrug efflux. We further show that mutations in MukE that impair its focal subcellular localization potentiate novobiocin and that the extent of the potentiation correlates with the residual activity of MukE. Finally, both DNA gyrase and topoisomerase IV might partially complement novobiocin susceptibility in a temperature-dependent manner. These data indicate that the observed antibiotic susceptibility resides in both type II DNA topoisomerases and is efflux independent. Furthermore, novobiocin susceptibility is associated with the activity of MukBEF and can be induced by its partial inactivation, which makes the protein a plausible target for inhibition.
C
ondensins are essential for the global folding of bacterial chromosomes (reviewed in references 1, 2, and 3). These multisubunit complexes act as macromolecular clamps that bridge distant DNA segments and thereby stabilize the looped architecture of the chromosome (4) . Escherichia coli encodes a single condensin, MukBEF (5, 6) . MukB belongs to the family of the characteristically V-shaped structural maintenance of chromosome (SMC) proteins (7) and is responsible for the ATP-modulated DNA binding and bridging activity of the complex (8) . MukBEF forms dynamic clusters at the core of the daughter chromosomes, which can be found in the middle of short cells or at the quarter positions of longer cells (9) (10) (11) . Such focal localization is essential for cell viability and requires the activity of the regulatory subunit, MukEF (6, 12) .
The inactivation of MukBEF leads to severe growth defects, including anucleate cell formation, chromosome decondensation and cutting, a marked decline in colony formation, and an increase in novobiocin susceptibility (13, 14) . These phenotypes are alleviated at low temperatures and can be partially complemented by the overexpression of cold shock protein CspE and camphor resistance proteins CrcA and CrcB (15) . Partial suppression of MukBEF phenotypes can also be achieved by mutations in topoisomerase I and DNA gyrase that increase the supercoiling of intracellular DNA (16) . Such mutations increase the compactness of the chromosome and are expected to compensate for the chromosomal disorganization caused by the deletion of mukB. Besides the aforementioned genetic interaction with DNA gyrase, MukB forms a complex with the ParC subunit of the other type II DNA topoisomerase, topoisomerase IV (topo IV), and modulates its activity (17, 18) .
The mechanism of novobiocin susceptibility of MukB-deficient cells remains somewhat enigmatic. Spontaneous suppressors of novobiocin susceptibility of ⌬mukB cells have been mapped to GyrB, the ATPase subunit of DNA gyrase (13) . However, no increase in susceptibility was found for fluoroquinolones, which, similar to novobiocin, primarily target DNA gyrase (19, 20) . This raises the possibility that other modes of novobiocin action might be responsible for the effect. Indeed, novobiocin has been reported to inhibit various ATPases, including topo IV (19) and transmembrane transporters (21) . The observed hypersusceptibility might also be explained by pleiotropic effects involving the cell envelope. Compared to fluoroquinolones, novobiocin is a much better substrate for multidrug transporters, which effectively reduce its intracellular concentration (22, 23) . Defects in cell integrity or multidrug efflux, therefore, would be expected to selectively affect antibiotic susceptibility.
To address such concerns, we explored the functional interactions between antibiotic susceptibility, MukBEF, and DNA topoisomerases. We found that the enhanced susceptibility of ⌬mukB cells to topoisomerase inhibitors remains even upon inactivation of multidrug efflux and is therefore unrelated to drug permeation into the cell. Moreover, both DNA gyrase and topoisomerase IV can partially complement the observed hypersusceptibility of ⌬mukB cells. Finally, novobiocin susceptibility correlates with the focal localization of MukE, which links antibiotic susceptibility to the activity of MukBEF and reveals that the protein controls a rate-limiting step in its pathway.
MATERIALS AND METHODS
Plasmids and strains. MG1655 and BW25113 were used as wild-type E. coli strains, as appropriate. Strains ETBW (BW25113 ⌬tolC::kan) (24), OU101 (MG1655 ⌬mukB::kan), OU127 (MG1655 ⌬mukE::kan), and OU111 (MG1655 mukE::kan lacYA::mukE-gfp-spc) (11) were previously described. OU140 (BW25113 ⌬mukB::kan) was constructed by P1vir transduction of the ⌬mukB::kan fragment from OU101. Strain OU142 (BW25113 ⌬tolC ⌬mukB::kan) was constructed by P1vir transduction of the ⌬mukB::kan locus from OU101 into GD100 (BW25113 ⌬tolC) (24) .
Plasmids p15GyrB-R136C and p15ParE-R132C contain genes encoding GyrB and ParE, respectively, with the indicated point mutations, which confer novobiocin resistance to the proteins (19, 25) . GyrB was cloned together with the 199-bp upstream fragment, which contains its endogenous promoter (26) , and ParE was expressed from the constitutive P MUK promoter. The constructs were assembled using PCR-assisted cloning and inserted into the low-copy-number plasmid p15sp-E02a (11) to replace mukE. pBB03 carries the entire smtA-mukF-mukE-mukB operon under the control of the arabinose-inducible P BAD promoter (27) . Due to leakage, MukBEF (but not SmtA) is expressed from this plasmid even in the absence of arabinose, at about 10-fold its endogenous level (27) .
Bacteriological techniques. Bacteria were grown in LB at 200 rpm in the presence of 30 g/ml kanamycin or 50 g/ml spectinomycin, when appropriate. Overnight cultures of mukB ϩ cells were prepared by growing them at 37°C; ⌬mukB and ⌬mukE cells were grown for 40 h at 23°C (22) . MICs were measured using a 2-fold dilution method in 96-well microtiter plates. To this end, 5 ϫ 10 4 exponentially growing cells (optical density at 600 nm [OD 600 ], 0.6) were inoculated into 0.1 ml of LB supplemented with antibiotics and further incubated with shaking for up to 24 h at 37°C or 30°C, or 48 h at 23°C. Cell growth was evaluated by visual inspection to measure the MIC or by use of the Tecan Spark 10M microplate reader. Fluorescence microscopy was done as previously described (6) . The frequency of single-step suppressor mutations was estimated, according to standard protocols (28) , by plating 10 9 exponential OU101 (⌬mukB) cells on LB agar containing 128 g/ml novobiocin (1/2ϫ the MIC for the parental MG1655 strain) and counting colonies after 24 h of incubation at 37°C.
RESULTS

Antibiotic susceptibility of ⌬mukB cells is efflux independent.
Novobiocin is an excellent substrate of efflux pumps, such as the E. coli AcrAB-TolC, and their activity is believed to be the major factor in the resistance of Gram-negative bacteria to this antibiotic (22) . To evaluate the contribution of multidrug efflux to the antibiotic susceptibility of MukB-deficient cells, we constructed a set of isogenic strains that harbor ⌬mukB and ⌬tolC mutations, alone or together. TolC is required for the activity of several multidrug efflux transporters; as a result, ⌬tolC cells are hypersusceptible to many antibiotics (29) . Regardless of the presence of tolC, ⌬mukB cells were able to grow at 37°C when transferred from the permissive room temperature, albeit at a reduced rate (Fig. 1A) . Such growth, however, produces cells with severe morphological defects (14) , most of which fail to produce colonies (Fig. 1B) .
In agreement with previous studies (22, 23) , the inactivation of TolC had a marked effect on susceptibility to novobiocin, erythromycin, and nalidixic acid but very small, if any, for norfloxacin or rifampin (Table 1 and Fig. 1C and D) . The effect of the ⌬mukB mutation was similar whether or not tolC was present in the cell. This effect had the same trend but was typically greater at 37°C than at 23°C (Fig. 1C and D) . In particular, the inactivation of MukB potentiated novobiocin 25-fold and 128-fold at 23°C and 37°C, respectively, in the wild-type background, whereas the respective values were 13-fold and 21-fold in the absence of TolC. The potentiation of type II topoisomerase inhibitors norfloxacin and nalidixic acid was barely detectable at 23°C, in agreement with previous studies (13) , but was obvious, between 2-and 4-fold, at 37°C. In contrast, the potentiation of erythromycin (an inhibitor of translation) and rifampin (an inhibitor of transcription) was about 2-fold and was not affected by the temperature. Since cells are more dependent on MukBEF function at elevated temperatures, these data indicate that the inactivation of MukBEF potentiates antibiotics that target type II DNA topoisomerases but does not have a multidrug effect.
Notably, deletions of tolC and mukB were additive to each other. This was especially clear at 37°C, when the combined potentiation effect of the two mutations varied between 8-and 16-fold for fluoroquinolones and was Ͼ3,000-fold for novobiocin (Fig. 1D) . We conclude, therefore, that the mukB-dependent potentiation of antibiotics is not caused by permeation of the cell envelope but arises due to enhanced sensitivity of the intracellular targets of the drugs.
Novobiocin susceptibility resides in type II DNA topoisomerases. At 37°C, the MIC of novobiocin for ⌬mukB ⌬tolC cells was 0.05 g/ml, which is 40-fold lower than its inhibition constant, K D , for DNA gyrase, at 2 g/ml (3.5 M) (30) . This raises the possibility that the primary drug target might be changing in this strain. Indeed, novobiocin is a competitive inhibitor of DNA gy- ). To evaluate the hypothesis, we instead measured the antibiotic susceptibility of cells that constitutively express novobiocin-resistant versions of DNA gyrase (gyrB-R136C [25] ) and topo IV (parE-R132C [19] ). These alleles confer about 10-fold drug resistance to each of the enzymes, with only a modest decline in their in vitro activity (20) .
At 23°C, the 50% inhibitory concentration (IC 50 ) of novobiocin increased 20-fold when the ⌬mukB cells were transformed with a plasmid expressing the novobiocin-resistant allele of gyrB ( Fig. 2A) . These results are in full accord with those of the previous study, which focused on the suppression of mukB phenotypes at room temperature (13) . In contrast, only a small change in novobiocin susceptibility was observed when the cells were transformed with plasmids expressing wild-type gyrB, parE, or the novobiocin-resistant allele of topo IV, parE-R132C (Fig. 2B) . Thus, DNA gyrase is indeed the primary target of novobiocin in condensin-deficient cells at room temperature.
The pattern of complementation changed dramatically at elevated temperatures, when the MIC for novobiocin declined further. The drug-resistant version of DNA gyrase provided only 6-fold and 2-fold increases in the MIC at 30°C and 37°C, respectively (Fig. 2C) . Notable were the contributions from the drugsensitive alleles of gyrB and parE, which reached 2-fold and 5-fold, respectively, at 30°C and 37°C (Fig. 2C and D) . The complementation found was unexpected but can be rationalized given the mechanism of inhibition by novobiocin. This drug binds close to the ATPase site of topoisomerases and competitively inhibits their turnover (31) . Because of it, mutations in gyrB that confer novobiocin resistance also diminish the activities of the enzymes (25) . Apparently, the drug-sensitive allele of topoisomerases is more efficient than the drug-resistant one at low concentrations of the antibiotic.
Novobiocin susceptibility correlates with focal formation. In principle, any DNA binding protein can have a secondary and often fortuitous function as a transcriptional regulator. Thus, the observed potentiation of antibiotics might be associated with such nonspecific activity of MukB, the DNA binding subunit of the complex, rather than the holoenzyme. To assess this notion, we explored novobiocin potentiation in MukE-deficient cells. We found that the MIC of novobiocin for the ⌬mukE OU127 cells, 1 g/ml, was indistinguishable from that for the ⌬mukB OU140 cells. This firmly associates novobiocin susceptibility with the activity of the holoenzyme. To determine whether or not this association is quantitative, we took advantage of the previously constructed series of MukE point mutants (6) . These loss-of-function mutants were defective in focal subcellular localization but varied in their ability to be recruited to the endogenous MukBEF clusters, indicating that they retained their partial activity (6) (Fig. 3A) . Here, we measured the novobiocin susceptibility of cells in which these mutants replace the endogenous MukE.
In Fig. 3B , the measured MICs for novobiocin are plotted against the previously determined frequencies of focal formation. These frequencies represent the extent of the residual activity in the complex and, therefore, can be viewed as a mimic of its partial inhibition. The point mukE mutants displayed intermediate levels of novobiocin potentiation, which clearly correlated with the residual activity of MukBEF. With MICs on a logarithmic scale, the Pearson correlation coefficient was estimated to be 0.84. This correlation reveals a quantitative link between antibiotic susceptibility and the activity of condensin. As discussed below, this feature qualifies MukBEF as a rate-limiting enzyme in its pathway and makes it a plausible target for drug discovery. However, the MIC of novobiocin did not change when MG1655 cells were transformed with pBB03 (data not shown), which overproduces Muk-BEF by about 10-fold (see Materials and Methods). Thus, the endogenous level of MukBEF exceeds the cellular demand for it.
DISCUSSION
The inactivation of condensins in E. coli causes a dramatic increase in susceptibility to novobiocin, an inhibitor of DNA topoisomerases. This increase in novobiocin susceptibility is comparable to that of the efflux-deficient cells but has a different mechanism and acts in synergy with efflux. Intriguingly, the effect of such inactivation on fluoroquinolones is much smaller, suggesting that perhaps a secondary target of novobiocin is sensitized in ⌬mukB cells. We show here that this is indeed the case, and that both DNA gyrase and topo IV serve as targets of novobiocin in the absence of MukB. The result clearly establishes both these enzymes as members of the MukBEF pathway and expands the conclusions of the previous study, which revealed DNA gyrase as a partial suppressor of the ⌬mukB phenotype (13) .
This finding offers insight into the mechanism of potentiation. It is unlikely to be due to the homeostasis of DNA supercoiling, since DNA gyrase and topo IV pull it in opposite directions (32) . In contrast, the two topoisomerases act in concert in support of DNA replication, and can partially compensate for each other in the removal of topological links (33) . It is conceivable, therefore, that the inactivation of condensins places an additional burden on DNA replication and increases the demand on topoisomerase activity. The strong temperature dependence of the effect is also consistent with this view, since the cellular demand for DNA topoisomerases increases at elevated temperatures, when the rates of DNA and RNA synthesis increase.
The reason why potentiation is much stronger for novobiocin than for fluoroquinolones remains obscure, given that they inhibit the same enzyme. The main distinction between these drug classes is in the mechanism of inhibition. Novobiocin competitively inhibits ATP turnover and all related activities of the enzymes (19, 25) . Fluoroquinolones, in contrast, trap the DNA cleavage intermediate and convert it to a poison (34) (35) (36) . As a result, fluoroquinolones effectively inhibit bacterial growth at concentrations well below their K D . The same becomes true for novobiocin in ⌬mukB cells (Fig. 1D) . Apparently, a decline in the topoisomerase activity generates a toxic product in the absence of MukBEF.
Novobiocin susceptibility is triggered by the inactivation of MukE or MukB. Hence, it depends on the activity of the entire complex, not only its DNA binding subunit MukB; therefore, it cannot be explained by the disruption of fortuitous protein-DNA interactions. It might be notable in this respect that the affected activity was the focal subcellular localization of MukBEF, which further underscores its importance for operation of the complex.
Importantly, novobiocin susceptibility scales proportionally with partial inactivation of the complex (Fig. 3) . This reveals that the amount of strain on DNA topoisomerases and the overall decline in cell fitness vary depending on the extent of MukBEF inactivation. This, in turn, implicates MukBEF as a rate-limiting enzyme in its pathway. This makes it a promising target for external regulation. Indeed, metabolic pathways usually have a limited number of rate-limiting steps, in which the amount or activity of the enzyme controls the flux through the entire pathway (37) . Such enzymes frequently serve in homeostatic regulation. They are also good targets for inhibition by small molecules, since even partial inactivation of the enzyme would have adverse effects on cell fitness.
